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A 3D Eulerian source-oriented model for an externally
mixed aerosol is developed and then used to compute the
contribution that different emission sources make to
regional fine particle concentrations in the South Coast
Air Basin surrounding Los Angeles, CA, on September 25,
1996. The model simultaneously tracks fine particle
concentrations (PM2.5), inhalable particle concentrations
(PM10), ozone, and other gaseous pollutant concentrations
yielding a tool that can be used to study the control of
all of the regulated contaminants in the atmosphere within
a single unified framework. Model predictions identify
geographical areas that are influenced by PM2.5 associated
with crustal material other than paved road dust, paved
road dust, diesel engines, food cooking, noncatalyst equipped
gasoline engines, catalyst-equipped gasoline engines,
combustion of high sulfur-content fuel, other primary particle
sources, sea salt, and marine background sulfate particles.
The contribution that each of these source types makes
to regional fine particle concentrations is distinct, reflecting
the unique chemical composition, spatial distribution,
and diurnal trends of primary emissions. The single largest
contribution to regional PM2.5 in the South Coast Air
Basin surrounding Los Angeles is associated with the
accumulation of secondary ammonium nitrate on background
marine sulfate particles. This pattern indicates that
control of PM2.5 concentrations in Los Angeles must be
accomplished through a program that includes both reductions
in the emissions of gaseous precursors of secondary
PM2.5 as well as control of primary particle emissions.

1. Introduction
Atmospheric particles with aerodynamic diameter less than
2.5 µm (PM2.5) have been implicated in adverse health effects
(1, 2), visibility reduction (see for example refs 3 and 4), and
global climate change (5). The United States Environmental
Protection Agency (US EPA) has recently adopted a National
Ambient Air Quality Standard (NAAQS) that limits the
atmospheric concentrations of PM2.5, but the most efficient
approach to reducing PM2.5 concentrations is not obvious.
A variety of sources release fine particles to the atmosphere
including automobiles, heavy-duty trucks, wood burning,

and food cooking. PM2.5 can also form in the atmosphere
through chemical reactions that convert gaseous pollutants
to semivolatile products that can partition into the particle
phase. Emissions controls applied to any of these potential
PM2.5 source categories could involve large economic and
social consequences. At the same time, requirements exist
for emissions control programs that will reduce particle
concentrations in sizes less than 10 µm particle diameter
(PM10), while further control of ozone concentrations is
required in many metropolitan and some rural areas. The
ozone and particle control problems are intimately linked to
each other because the oxides of nitrogen and organic vapors
that lead to ozone formation also can lead to secondary
aerosol nitrate and secondary organic aerosol production as
well. Faced with this complexity, decision makers need new
tools that clearly show the relationship between emissions
sources and airborne pollutant concentrations in both the
gas and particle phases.

Recently, a mechanistic air quality model has been
developed that can directly show how particles emitted from
hundreds of different sources influence the particle size
distribution and chemical composition seen at receptor air
monitoring sites. This model uses a fundamental math-
ematical representation of emissions, atmospheric turbu-
lence, dry deposition, gas-phase chemical reaction, aqueous-
phase chemical reaction, and gas-to-particle conversion (6)
to understand how different sources contribute to the size
and composition distribution of atmospheric particles (7, 8)
and to predict how different emissions control strategies will
affect the properties of the airborne particles (9). Because
the gas-phase chemical reactions in the atmosphere sur-
rounding the particles are represented explicitly, the model
can be used to study ozone formation and control as well.
Since the particle size distribution is represented explicitly
up to particle sizes of 10 µm particle diameter, the model can
track source contributions to PM10 concentrations. The air
quality calculations conducted to date using this model have
been based in a Lagrangian framework in which the
atmospheric processes within individual air parcels were
followed in a coordinate system that moved with the average
fluid velocity. The Lagrangian framework has proven to be
extremely useful because it provides a basis for confirming
the scientific merit of the model within a format that runs
very quickly on the computer and thus that can be tested
extensively and rapidly. But use of the Lagrangian framework
limits pollutant concentration predictions to a single location
at any given time. Many thousands of air parcels would need
to be followed to characterize the spatial distribution of
pollutants within a large airshed. Also, the Lagrangian
framework does not capture the effects of vertical wind shear
and turbulent diffusion in the horizontal plane (10). Although
these processes are often minor, they may influence pollutant
concentrations during certain atmospheric conditions.

The focus of the current study is to place the source-
oriented model for an externally mixed aerosol within a 3D
Eulerian framework so that the spatial distribution of the
source contributions to regional PM2.5 concentrations can
be evaluated. Virtually all other 3D Eulerian air quality models
that have been demonstrated to date approximate airborne
particulate matter as an internal mixture using either a
sectional representation (11-18) or using log-normal modes
(19, 20). One Eulerian air quality model (21) used an approach
similar to that demonstrated previously in the Lagrangian
formulation of the source-oriented external mixture air
quality model (6-9), but only three simplified source
categories were tracked through the modeling framework,
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and no attempt was made to evaluate model results against
aerosol measurements. The model described in the current
paper therefore represents the most detailed calculation to
date of the evolution of airborne particulate matter in an
urban region.

As a source apportionment tool, the 3D Eulerian source-
oriented external mixture air quality model can determine
source contributions to size distribution of airborne par-
ticulate matter on a regional scale. The new model can
differentiate between particles released from different sources
at different locations/times, and it can accurately determine
the amount of secondary particulate matter that has built up
on those particles. Theoretically, the model can be used to
differentiate between source contributions from many
thousands of different sources, greatly exceeding the resolu-
tion of traditional statistical source apportionment tech-
niques.

In the sections below, the formulation of the 3D model
is described, and the results of model predictions of ozone
and fine particle concentrations in Southern California are
presented.

2. Background
The air quality model developed in the current study is based
on the California Institute of Technology (CIT) family of 3D
Eulerian and Lagrangian atmospheric chemistry models.
There are now many official (and unofficial) versions of this
model in existence; to set the stage for the current study, the
evolution of the CIT airshed model that forms the framework
for the current work is briefly described.

One of the first atmospheric chemistry models was
developed in the early 1970s at Caltech and at Systems
Applications Incorporated. Referred to as the Urban Airshed
Model (UAM (22-24)) it was used to examine the effect of
the 1977 EPA ozone control plan for the Los Angeles Basin
based on the meteorological conditions of September 29,
1969 (25). By the early 1980s a new comprehensive modeling
system, the CIT model (26, 27), was developed with an
updated chemical mechanism (28, 29) and improved input
data generation (30, 31) and was used to model air quality
over the period June 26-28, 1974.

The chemistry of nitrogen-containing air pollutants within
the CIT family of air quality models was expanded to include
more gaseous species, additional nighttime reactions, and
a thermodynamic equilibrium treatment of ammonium
nitrate aerosol production (32). This version of the CIT airshed
model and its associated August 30, 1982-September 1, 1982
model performance evaluation data set were used to study
the control of nitrogen-containing pollutants (33), the spatial
patterns in pollutant responses to emission reductions (34),
the effect of alternate fuel use in motor vehicles (35, 36), and
modeling and control of the deposition of nitrogen-contain-
ing air pollutants (37). The CIT airshed model was further
updated to study the detailed chemistry of speciated organic
gas-phase pollutants (38, 39) during the Southern California
Air Quality Study (SCAQS) episode of August 26-28, 1987.

Detailed thermodynamic calculations describing the
kinetics of the formation of inorganic aerosol species in the
atmosphere were added to the CIT family of air quality models
by Wexler and Seinfeld (40), and the first prediction of
secondary organic aerosol formation was incorporated into
the CIT family of air quality models by Pandis et al. (41). An
externally mixed aerosol representation in which particles
of the same size having different chemical compositions are
tracked separately was incorporated into the CIT Lagrangian
air quality model by Kleeman et al. (6). The externally mixed
version of the CIT Lagrangian model was used to determine
how different sources contribute to the size and composition
distribution of airborne particles at target receptor sites in

the South Coast Air Basin of Los Angeles on August 28, 1987
(6, 7) and September 23-25, 1996 (8).

3. Model Formulation
The air quality model developed in the present study
represents atmospheric processes at their fundamental level
so that the effects of changing meteorological conditions
and emissions on the concentration of airborne pollutants
can be predicted. The first-order processes that dominate
air quality at the urban and regional scale are emissions,
advection, diffusion, and deposition of airborne pollutants.
The concentrations of secondary pollutants such as ozone
and secondary particulate matter also are influenced by
higher order atmospheric processes including gas-phase
chemical reactions, particle-phase chemical reactions, and
phase-transfer processes (gas to particle partitioning). Equa-
tion 1 describes the overall mathematical representation of
these atmospheric processes in a highly simplified form

where Ci is the concentration of gas- or particle-phase species
at a particular location as a function of time t, u is the wind
vector, K is the turbulent eddy diffusivity tensor (assumed
to be diagonal), Ei is the emissions rate, Si is the loss rate, Ri

gas

is the change in concentration due to gas-phase reactions,
Ri

part is the change in concentration due to particle-phase
reactions, and Ri

phase is the change in concentration due to
phase change. Many of the terms shown on the right side of
eq 1 are evaluated in separate steps within the air quality
model (operator splitting) that require multiple layers of
implicit iteration to achieve convergence. The details of the
solution methods for each of these numerical procedures
have been provided elsewhere (see references in section 2),
and so only those portions of the model that have been
updated in the current work are described here.

3.1. Advection and Turbulent Mixing. For use in the
present work, the advection operator used in the base CIT
airshed model was updated from the Finite Element Method
(FEM) described by McRae et al. (26) to the more exact
Accurate Space Derivative Method (ASD) (42) coupled with
a Forester Filter (43) to reduce numerical noise. While the
ASD method is more numerically intensive than the FEM
approach, the overall computational burden is still minor
relative to that imposed by the particle chemistry segments
of the model.

The representation of vertical turbulent mixing in the
original version of the CIT airshed model was based on a
first-order turbulent closure scheme of the form

where uz′ is the turbulent component of velocity in the vertical
direction z, c′ is the turbulent component of concentration
c, the angle brackets are the ensemble-averaging operator,
and Kzz is a turbulent eddy diffusivity in the vertical direction
that changes in response to different atmospheric stability
conditions. The empirically derived equations originally used
in the CIT model to describe the behavior of Kzz were
parameterized largely based on experiments conducted in
remote locations that were not influenced by urban heat
island effects and mechanical mixing caused by on-road
vehicles. The use of this representation results in an under
prediction of atmospheric mixing during the evening hours
in urban locations as described by Harley et al. (39) and
Kleeman et al. (8). In the current study, a minimum value

∂Ci

∂t
+ ∇ ‚uCi )

∇K∇Ci + Ei - Si + Ri
gas(C) + Ri

part(C) + Ri
phase(C) (1)

<u′zc′> ) -Kzz
∂c
∂z

(2)
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of Kzz is specified that promotes atmospheric mixing up to
the base of the temperature inversion during the evening
hours.

3.2. Nitrate Formation at Night. It is generally understood
that the primary route for nitrate formation in an urban area
during the evening is N2O5 hydrolysis. Investigators originally
postulated a homogeneous gas-phase route for this reaction,
but recent studies have determined that the N2O5 hydrolysis
reaction occurs heterogeneously between gaseous N2O5 and
particle-bound water. In the current study, the AIM sub-
routine used to calculate the condensation/evaporation of
semivolatile inorganic components (6, 40) was further
modified to describe N2O5 hydrolysis on wet airborne
particles. The rate-limiting step for this process was assumed
to be mass transfer limitations associated with gas-phase
diffusion and interfacial transfer.

The equation describing the evolution of gas-phase N2O5

concentrations due to reaction at the surface of particles is

where DN2O5 is the gas-phase diffusion coefficient, Rpj is the
radius of wet particle j, Nj is the number concentration of
wet particle j, RN2O5 is the accommodation coefficient for
reaction of N2O5 molecules on the wet particle surface, ĉ is
the molecular speed of the N2O5 gas molecules, R is the gas
constant, T is the ambient temperature, and MwtN2O5 is the
molecular weight of N2O5. The time-scale for the heteroge-
neous conversion process may be calculated as

This can be compared to the time scale inferred from the
previously assumed homogeneous conversion reaction

where H2O is the concentration of vapor-phase water and
kN2O5 is the effective homogeneous rate constant. Simulations
for Southern California that are summarized in Section 4 of
the current study revealed very little difference between the
new heterogeneous time scale and the original homogeneous
time scale for N2O5 hydrolysis.

3.3. Secondary Aerosol Formation. The partitioning of
semivolatile organic species into the particle phase is
accomplished using the partitioning coefficients measured
by Odum et al. (44) while considering departures from
equilibrium associated with the time required for molecules
to diffuse through the gas phase and for molecules to cross
the gas-particle phase interface. The net equation describing
this process is given by

where Corg
j is the concentration of the organic species

associated with particle j, Corg
gas is the concentration of the

organic species in the gas phase, Dorg is the gas-phase
diffusivity of the organic species, Korg is the partitioning
coefficient for the organic species, and Mo

j is the total
amount of organic matter on particle j that is available for
partitioning.

The partitioning of semivolatile inorganic species between
the gas and particle phases also is described by an equation
analogous to eq 8, but the calculation of vapor pressures
above the particle surface is accomplished by considering
the thermodynamic equilibrium state of each particle as
calculated by a modified form of the Aerosol Inorganic
Module (AIM) originally developed by Wexler and Seinfeld
(40). A description of the modifications made to the original
AIM approach is provided by Kleeman et al. (6).

3.4. General Aerosol Operators. All of the processes that
influence airborne particles on the urban and regional scale
are included in new 3D source-oriented external mixture
model (emissions, advection, turbulent diffusion, dry depo-
sition, gas-phase chemistry, aqueous-phase chemistry, and
gas-to-particle conversion). Aerosol processes in the new air
quality model are represented using the aerosol operators
developed for the Lagrangian version of the model (6, 8).
Particles from individual emissions sources are grouped into
10 selected classes: paved road dust, crustal material other
than paved road dust, diesel engine exhaust, noncatalyst-
equipped gasoline engine exhaust, catalyst-equipped gasoline
engine exhaust, food cooking, high sulfur-content fuel
combustion, wave-generated sea salt aerosol, background
sulfate aerosol, and other particle sources. Particles within
each source class are separately tracked through a math-
ematical simulation of atmospheric advection, diffusion,
deposition, and chemical reaction. Particles are not artificially
mixed into a single atmospheric particle size and composition
distribution (internal mixture), but rather they exist separately
from one another and interact only through exposure to the
same gas-phase atmosphere. Since the source origin of each
airborne primary particle is know, it is possible to examine
how particles emitted from different sources are modified in
the atmosphere and contribute to the size and composition
of particulate matter found at downwind receptor sites.

The current application of the source-oriented model for
an externally mixed aerosol does not include nucleation
processes since they are usually negligible contributors to
fine particle mass in urban areas where large amounts of
preexisting particulate matter provide sufficient area for
condensation of semivolatile gas-phase species (11). Co-
agulation processes also are not considered in the current
implementation because they do not play an important role
in shaping the particle mass distribution over a time scale
of only a few days (6, 11). A further discussion of the effects
of neglecting nucleation and coagulation for the model
episode considered in the present analysis may be found in
Section 5.2.

3.5. Parallel Implementation. The majority of the com-
putational burden in all mechanistic air quality models that
include a description of aerosol processes is associated with
aerosol thermodynamic calculations. Because the high-
resolution air quality model developed in the current study
tracks approximately 19 times more particle-phase informa-
tion than other aerosol processes air quality models (10
particle classes and 15 particle sizes vs typically one particle
class and 8 particle sizes) the computational overhead is
proportionally larger. To perform air quality simulations in
a practical amount of time the new air quality model is
implemented on a parallel computing platform. Separate
processors on a host parallel computer solve independent
advection and particle-phase operations within each model
time step. The simulation described in the following sections

1
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ĉ ) x 8RT
πMwtN2O5

(5)

τheterogeneous )
1

4πDN2O5∑
j

RpjNj

âN2O5

j + 1

(6)

τhomogeneous ) 1
H2O*kN2O5

(7)

∂Corg
j

∂t
) 4πDorg

RpjNj

âorg
j + 1(Corg

gas -
Corg

j

KorgMo
j ) (8)

4836 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 35, NO. 24, 2001



was performed on an 80 node parallel machine where each
node consisted of a 466 MHz Intel Celeron processor
equipped with 32MB of RAM. Each day of simulation required
approximately 2 days of CPU time for the current study.

4. Model Application
3D Eulerian air quality model calculations were performed
for September 23-25, 1996 within the region surrounding
Los Angeles, CA. The September 23-25, 1996 time period
was chosen for model evaluation in the current study because
it represents the most recent episode for which the large
amount of data (emissions, meteorology, initial conditions,
boundary conditions, receptor site concentrations) needed
for air quality model evaluation are available. Current model
evaluation data sets are required for the development of
appropriate emissions control strategies.

Figure 1a shows portions of Ventura County, Los Angeles
County, Orange County, San Diego County, Riverside County,
and San Bernardino County. The rectangular dashed line in
Figure 1a shows the boundary of the computational region
used by the model, which corresponds closely to the heavily
populated South Coast Air Basin plus a portion of Ventura
County. The modeling domain within this region is subdi-
vided into 5 km × 5 km square grid cells in the horizontal
direction, with seven levels in the vertical direction. The
spacing of the vertical layers is logarithmic with cell depths
of 35, 65, 100 m and four additional cells with depth 200 m
resulting in a total column depth of 1000 m. The total
modeling domain includes 5936 separate computational cells.

4.1. Meteorological Conditions. Surface meteorological
conditions within the study domain were measured by a
network of routine monitoring stations operated by the South
Coast Air Quality Management District, the National Climatic
Data Center, and the California Irrigation Management
System. Measured values of wind speed (29 sites), wind
direction (29 sites), temperature (10 sites), relative humidity

(10 sites), total solar radiation (4 sites), and ultraviolet solar
radiation (1 site) were used to specify values for these
parameters throughout the study region using the interpola-
tion procedure of Goodin et al. (19). Wind speed and wind
direction above the earth’s surface were interpolated based
on measurements made using a lower atmospheric radar
profiler located at Los Angeles International airport (LAX),
and rawinsonde information collected at Edwards Air Force
Base, Vandenberg Air Force Base, and San Nicolas Island.

The 3-day air parcel trajectory shown in Figure 1a is
provided to illustrate the general airflow pattern during the
study period. The air parcel that arrives at Riverside, CA, at
16:00 PST on September 25, 1996 was located over the Pacific
Ocean on September 23, 1996. The air parcel then was
advected inland where it stagnated just west of Long Beach,
CA, on the night of September 23, and between Riverside,
CA, and Fullerton, CA, on the night of September 24. The
eastward flow pattern illustrated by this trajectory path is
typical of the flow pattern found throughout the modeling
region during the current study.

Atmospheric mixing depths during the study period were
constructed using Holtzworth’s method (45) based on
measured surface temperatures throughout the modeling
domain combined with the vertical temperature structure
observed by the lower atmospheric radar profiler located at
Los Angeles International Airport (LAX). As noted previously
(8), mixing depths during the study period were large, ranging
between 100 m at night to more than 1000 m during the day.
The lack of a very low-level atmospheric temperature
inversion that traps pollutants close to the earth’s surface
prevented the development of a region-wide peak pollution
event such as those previously studied in the Los Angeles
area (39). The 3-day episode considered in this study is typical
of an “average” air quality event in the South Coast Air Basin
during the fall months. As such, it represents the level of air
pollution that the approximately 15 million people in that
air basin are exposed to on a routine basis.

4.2. Initial and Boundary Conditions. Initial conditions
for the model calculations were interpolated based on
observed pollutant concentrations within the South Coast
Air Basin. Concentrations of routinely monitored gas-phase
pollutants (O3, NOx, SOx, CO, CO2, RHC) were interpolated
based on measurements made at 28 monitoring sites
operated by the South Coast Air Quality Management District
(SCAQMD). Initial concentrations of gas-phase nitric acid,
gas-phase ammonia, and particle size and composition were
specified based on measurements made at Long Beach
between 6:00-10:00PST, Fullerton between 10:00-14:00PST,
and Riverside between 14:00-18:00PST on September 23,
1996 (46). The initial concentrations of nitric acid, ammonia,
and initial particle size and composition were back-
extrapolated to 0:00PST on September 23, 1996 based on the
4-h measurements described above scaled according to the
diurnal profile for these pollutants measured in the South
Coast Air Basin between September 8-9, 1993 (47).

Boundary conditions on the western edge of the study
domain were measured with impactor and filter-based
samplers at Santa Catalina Island on September 23, 1996 as
described by Hughes et al. (46) and Kleeman et al. (8).
Information on the coarse airborne particles was inferred
from the difference between TSP (∼PM30) and PM1.8
measurements. Sodium chloride measurements at Santa
Catalina Island were used to describe the size and composi-
tion distribution of sea salt particles produced through the
action of breaking waves over the open ocean. Sea salt
emissions also were specified along the surf-zone within the
modeling region based on a detailed sea spray emissions
model (48).

FIGURE 1. Map of the South Coast Air Basin surrounding Los Angeles,
CA. The dashed line encloses the computational region for model
calculations. The trajectory of the air parcel arriving at Riverside,
CA, at 16:00 PST on September 25, 1996 illustrates the general wind
pattern during the 3-day study period.
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The concentration and speciation of gas-phase aldehydes
on the Western edge of the modeling domain was based on
measurements taken at San Nicolas Island in September 1993
(49).

4.3. Emissions. Anthropogenic emissions of gas- and
particle-phase pollutants were specified using an emissions
modeling system described previously (8, 50). In this system,
the standard emissions inventories provided by the South
Coast Air Quality Management District (SCAQMD) are
transformed into detailed emissions inventories for speciated
organic gases and particle size/composition.

The three major components of the standard emissions
inventory are the mobile source inventory, the point source
inventory, and the area source inventory for the study region.
The base mobile source emissions inventory provided by
the SCAQMD was calculated using the traffic emissions model
EMFAC-7G with a day-specific temperature correction for
evaporative emissions. The activity data (VMT) and spatial
distribution of mobile source emissions was retained, but
the actual emissions totals and particle size/composition
distributions were recalculated based on mobile source
emissions profiles measured during source tests conducted
by the Cass research group (51-53). The mass emissions
inventories for area sources and small point sources within
the modeling domain were based on the 1995 average-day
emissions inventory supplied by the SCAQMD combined
with particle size and composition profiles as specified by
Kleeman et al. (8). The inventory for large point sources used
in the current study was based on the 1997 average-day
inventory supplied by the SCAQMD again combined with
particle size and composition profiles as specified by Kleeman
et al. (8). The speciation of organic compounds in the
emissions processing system is based on the treatment of
Harley et al. (38, 54).

Ammonia emissions in the South Coast Air Basin during
the study period are based on the 1982 ammonia emissions
inventory of Gharib and Cass (55) updated to the year 1996
to reflect changes in mobile sources, fertilizer, and livestock
emissions (8). Biogenic hydrocarbon emissions within the
study domain are based on the 1987 SCAQS inventory
developed for the late summer of that year. The use of that
biogenic emissions inventory during the current study
assumes that the distribution and speciation of plants within
the study domain have not undergone major changes.

5. Model Results
5.1. Comparison to Measured Data. Figure 2 shows the
predicted and observed values of ozone (O3) at Central Los
Angeles, Azusa, Fontana, West Los Angeles, Anaheim, Ru-
bidoux, Burbank, and Newhall, CA on September 23-25,
1996. Observed O3 concentrations have an uncertainty of
approximately (15%. O3 concentrations on the western edge
of the modeling domain show a less pronounced diurnal
variation than O3 concentration profiles at the eastern end
of the air basin. Air quality model predictions for peak O3
concentrations match observed values on each day of the
simulation and are generally less than 100 ppb. Peak O3
concentrations show good agreement with observations on
the third day of the simulation after startup effects have had
a chance to dissipate. Nighttime concentrations of O3 are
slightly underpredicted at several of the monitoring sites.
This condition is caused by fresh emissions of NO into the
simulated atmosphere during the evening hours. It is
expected that a day-specific emissions inventory with more
accurate diurnal variations would correct the ozone under
predictions at night.

Model calculations that represent airborne particles using
a discrete particle size distribution can be used to predict
mass distributions for comparison to filter-based and
impactor mass measurements by summing across particle

types and/or sizes. Figure 3 shows the predicted concentra-
tions of major components of the airborne particle complex

FIGURE 2. Predicted (solid line) and observed (dots) ozone
concentrations on September 23-25, 1996.
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at Long Beach throughout the day on September 24, 1996
along with the measured concentration of particulate matter
components collected between 6:00-10:00 PST that day by
Hughes et al. (46). Model predictions show excellent agree-
ment with filter-based measurements of particulate matter
mass in particle sizes smaller than 1.8 µm aerodynamic
diameter (PM1.8), sulfate (SO4)), elemental carbon (EC),

ammonium ion (NH4+), organics (ORGANICS), and sodium
(Na+) (Figures 3a-e,g). Predicted concentrations of PM1.8
nitrate (NO3-) are slightly lower than measured PM1.8 nitrate
concentrations. In the present study, particle-phase boundary
conditions along the Western edge of the modeling domain
are based on a single measurement at Santa Catalina Island
collected on September 23, 1996. It is likely that the agreement

FIGURE 3. Predicted and observed components of airborne particles at Long Beach, CA, on September 24, 1996. Panels a-g illustrate
the diurnal profile of PM1.8 particle-phase concentrations, while panels h-n illustrate the size distribution of particle-phase species
averaged between 6:00-10:00 h PST. Uncertainty estimates for measured PM1.8 concentrations reflect the difference between collocated
filter-based measurements and summed impactor measurements of particle-phase concentrations.
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between predicted and measured PM1.8 nitrate concentra-
tions at Long Beach could be improved through the use of
boundary conditions for airborne particulate matter that had
greater time and spatial resolution.

Figures 3h-n show the measured and predicted size
distribution of airborne particle components at Long Beach
averaged between 6:00-10:00 PST on September 24, 1996.
Impactor measurements do not extend above 1.8 µm particle
aerodynamic diameter, while model predictions extend up
to 10 µm particle diameter. Model calculations predict that
the peak in the airborne particle EC and ORGANICS
distribution occurs between 0.1 and 0.2 µm matching the
observed distribution of carbonaceous aerosol (Figure 3j,l).
The predicted peak in the SO4), NH4+, and NO3- size
distribution occurs between 0.25 and 0.45 µm, while the peak
in the observed size distribution for these chemical species
occurs in the next impactor size bin between 0.45 and 0.9
µm (Figure 3i,k,m). The magnitude of the peak concentration
in the predicted SO4) size distribution is lower than the
peak concentration in the measured SO4) size distribution,
but it should be noted that the predicted amount of sulfate
contained in particles with aerodynamic diameter less than
1.8 µm matches the filter-based SO4) measurement (Figure
3b). The amount of Na+ contained in airborne particles with
diameter less than 0.9 µm is both predicted and measured
to be essentially zero, while the amount of Na+ predicted
in particles larger than 1.8 µm matches observed Na+
concentrations in the next size bin down (impactor mea-
surements of Na+ concentrations in particles larger than 1.8
µm are not available).

Figure 4 shows the predicted concentration of the major
components of the airborne particle complex at Riverside
throughout the day on September 25, 1996. Also shown in
Figure 4 is the measured concentration of particulate matter
components collected between 14:00-18:00 PST by Hughes
et al. (35). Model predictions show excellent agreement with
filter-based measurements of PM1.8 SO4), NH4+, NO3-,
and Na+ (Figure 4b,d,f,g). PM1.8 EC and ORGANICS
concentrations are underpredicted between 14:00-18:00 PST
(Figure 4c,e), leading to an under prediction in PM1.8 MASS
(Figure 4a). The majority of the particulate EC and ORGANICS
in the model calculation are directly emitted from combustion
sources, with only minor contributions from secondary
formation processes. The underprediction of ORGANICS
concentrations at Riverside could be caused by either the
underestimation of primary organic carbon particle emis-
sions, the underestimation of secondary organic aerosol
formation, or by organic vapor pick-up by the quartz fiber
filters used to measure organic aerosol concentrations.

Figures 4h-n show the measured and predicted size
distribution of airborne particle components at Riverside
averaged between 14:00-18:00 PST on September 25, 1996.
Impactor measurements do not extend above 1.8 µm particle
aerodynamic diameter, while model predictions extend up
to 10 µm particle diameter. The predicted quantities of total
fine particulate MASS, SO4), NH4+, and NO3- are in good
agreement with measured values, but the measured particle
size distribution is generally shifted to larger particle sizes
by one impactor bin (Figures 4h,i,k,m). As was the case for
the Long Beach comparison, the amount of Na+ contained
in airborne particles with a diameter less than 0.9 µm is both
predicted and measured to be essentially zero, while the
amount of Na+ predicted in particles larger than 1.8 µm
matches observed Na+ concentrations in the next size bin
down. The predicted ORGANICS particle size distribution
falls below the observed values for the reasons discussed
above.

Uncertainty in the measured concentrations shown in
Figures 3 and 4 can be calculated directly as the difference
between collocated measurements when they are available.

In the present study, the impactor results shown in Figures
3 and 4 can be summed across all particle sizes to produce
a PM1.8 concentration that was collocated with the filter-
based measurement. Comparison of concentrations mea-
sured using different collection techniques captures the effect
of sampling biases such as loss of volatile species from
impactor stages. The difference between the filter-based
PM1.8 measurements and impactor PM1.8 measurements
for each chemical species is used as an estimate of uncertainty
about the PM1.8 filter measurements shown in Figures 3
and 4. Results indicate that model predictions fall within the
uncertainty range of all PM1.8 measurements with the
exception of an underprediction of nitrate concentrations at
Long Beach between 6:00-10:00 PST on September 24, 1996,
and an underprediction of elemental/organic carbon con-
centrations at Riverside between 14:00-18:00 PST on Sep-
tember 25, 1996. As discussed above, it is likely that these
biases result from the use of approximate nitrate boundary
conditions and from missing sources of organic carbon in
model emissions inventories.

Model input parameter values used to produce the results
shown in Figures 2-4 were set at their base case values and
were not tuned (within uncertainty ranges) to optimize model
performance. The effects of input parameter uncertainty on
model predictions are discussed in Section 5.2. Overall the
results shown in Figures 2-4 demonstrate excellent agree-
ment between model predictions and measured concentra-
tions of O3/PM1.8 composition and good agreement (to
within ( one impactor bin) with respect to the size distribu-
tion of particulate matter components.

5.2. Model Uncertainty Analysis. Uncertainty in modeling
studies can arise in a number of different areas including
model input data (emissions, meteorology, etc) and model
formulation (reaction rates, parameterization of processes,
etc). A formal uncertainty analysis involves the systematic
evaluation of hundreds of different data elements and their
impact on the accuracy of model predictions. This process
is computationally expensive for complex models involving
detailed aerosol operators, and so simplified test cases are
often considered instead of full-scale model perturbations.
As discussed previously, the Lagrangian form of the CIT air
quality model includes a description of all the atmospheric
processes contained in the Eulerian model with the exception
of vertical advection, vertical wind shear, and horizontal
turbulent diffusion. The aerosol predictions shown in Figures
3 and 4 of the current paper are similar to the results produced
using the Lagrangian form of the model (8). Therefore, vertical
advection, vertical wind shear, and horizontal turbulent
diffusion are not dominant processes during the episode
under consideration, and the results of sensitivity tests
performed using the Lagrangian form of the CIT air quality
model provide a computationally efficient method for
evaluation of the new 3D Eulerian source-oriented external
mixture model. The Lagrangian form of the CIT modeling
system also has recently undergone several comprehensive
uncertainty evaluations (56, 57) that will help to identify key
parameters for study in the present analysis. The effect that
model formulation and critical input data have on aerosol
predictions is analyzed in the sections below.

Input Data - Emissions and Wind Fields. Sensitivity
studies carried out using the CIT air quality modeling system
applied to the South Coast Air Basin have identified
uncertainty associated with input data describing emissions
strength and wind strength/direction as the largest con-
tributors to overall uncertainty in model predictions for the
concentration of secondary photochemical species such as
ozone (56). A previous study of these same input parameters
determined an uncertainty level of 6% for primary PM2.5
concentrations predicted by the Lagrangian form of the
source oriented external mixture air quality model for
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Claremont, CA, on August 28, 1987 (58). During that study,
30 alternative air parcel trajectories terminating at the
Claremont site at 12:00 PST were integrated backward
through wind fields that were perturbed by adding a
stochastic uncertainty component to wind vectors. The
emissions strength for each source also was treated as a
randomly distributed variable with a mean value equal to

the nominal inventory value and an uncertainty of ( 30%
(minimum value of zero).

In the current study, the perturbation analysis described
above is repeated for the air parcel trajectory that arrives at
Riverside at 12:00 PST on September 25, 1996. Figure 1b shows
30 alternative trajectory paths arriving at the receptor site
that are produced by the methods described above. The

FIGURE 4. Predicted and observed components of airborne particles at Riverside, CA, on September 25, 1996. Panels a-g illustrate the
diurnal profile of particle-phase species average concentrations while panels h-n illustrate the size distribution of particle-phase species
averaged between 14:00-18:00 h PST. Uncertainty estimates for measured PM1.8 concentrations reflect the difference between collocated
filter-based measurements and summed impactor measurements of particle-phase concentrations.
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Lagrangian form of the source-oriented external mixture air
quality model was used to predict airborne particle con-
centrations at the receptor site while considering sources
along each of these trajectory paths and the effects of
uncertainty in source emissions strength. This perturbation
study represents the limiting extreme scenario for the
modeled episode because alternative air parcel trajectories
experience very different emissions conditions as they pass
by major combustion point sources that are located in the
vicinity of Long Beach. The results of the perturbation analysis
indicate that total predicted PM2.5 concentrations at Riv-
erside on September 25, 1996 had an uncertainty of 27%,
while primary PM2.5 concentrations had an uncertainty of
19%. This level of uncertainty is considered acceptable
considering the extreme nature of the test case.

Model Treatment of Aerosols - Airborne Particle
Representation. The current model application represents
airborne particulate matter using a discrete particle distribu-
tion. Approximately 150 representative particles with known
chemical composition and size are tracked through the
atmosphere in each grid cell as they evolve through physical
and chemical transformations. Appropriate numbers of
identical copies of each particle are used to simulate the full
airborne particle complex. The accuracy of the discrete
particle representation can be evaluated by increasing the
number of representative particles to improve the resolution
of model calculations. Previous tests (9) performed using
the Lagrangian form of the source-oriented external mixture
air quality model have demonstrated that model results
produced using 150 computational particles are virtually
identical to those produced using approximately 7000
computational particles. Thus, the discrete particle repre-
sentation of the airborne particle complex in the current
study is accurate.

Model Treatment of Aerosols - Internal vs External
Mixture Representations. The internal mixture approxima-
tion applied to air quality models results in the blending of
particles emitted with different chemical compositions into
a single atmospheric particle size distribution. A previous
study carried out using a Lagrangian air quality model showed
that the internal mixture representation of the atmospheric
aerosol could have a large effect on the predicted distribution
of chemical components between the gas and particle phases
under certain test conditions but that internal mixture
predictions for Claremont on August 28, 1987 were essentially
identical to external mixture predictions for the same episode
(6). The 3D Eulerian air quality model described in the current
study was executed using both a source-oriented external
mixture representation in which the chemically different
particles from different sources are tracked separately in the
atmosphere and using an internally mixed representation
for airborne particles so that the effect of the internal mixture
approximation could be directly evaluated. A comparison
between internally and externally mixed aerosol results
indicates that in this particular application the internal
mixture approximation does not have significant adverse
effects on the overall predicted composition or size distribu-
tion of particulate matter components. Of course only the
externally mixed representation of the aerosol is able to track
the separate contributions from the different major primary
particle sources in a way that is most useful for quick
assessment of the effect of emissions controls.

Model Treatment of Aerosols - Coagulation. The time
scales for changes to the airborne particle mass distribution
through coagulation processing are considerably larger than
the corresponding time scales for modification of the airborne
particle mass distribution by condensation/evaporation (6,
11). As a result, aerosol coagulation has not been imple-
mented in the 3D model application demonstrated in the
current study. To verify that coagulation operators do not

significantly affect the predicted size distribution of airborne
particulate matter, the Lagrangian form of the source-
oriented external mixture air quality model (6-9) was
exercised with an operator that predicted coagulation events
between discrete airborne particles based on the Fuch’s form
of the coagulation coefficient (59). When two particle
populations experienced coagulation events in the test
calculation, the number and mass concentration of the
smaller particles was reduced, and the mass concentration
of the larger particles was increased. This methodology
recognizes that most coagulation events in the atmosphere
take place between very small particles (that have a large
Brownian velocity) and very large particles (that provide a
large target for collision events). The radii of the new
combined particles was calculated after the concentration
of any particle population decreased by more than 10% or
at the end of the 10 min operator splitting step employed in
the model calculation. Note that this methodology will
provide a direct evaluation of the effect of coagulation on
the predicted size and composition distribution of airborne
particulate matter, but it will not follow source contributions
to airborne particles that have experienced coagulation
events.

Aerosol coagulation test calculations were performed for
Riverside between the hours of 14:00-18:00 PST on Sep-
tember 25, 1996 using the Lagrangian form of the source-
oriented external mixture air quality model. Riverside is a
receptor site at the Eastern edge of the air basin where the
total time for coagulation events to operate on the aerosol
size distribution is approximately 2-3 days during the current
study period. Test results indicate that when coagulation
processes are included in model calculations, the predicted
airborne particle PM10 mass concentration increases from
114 to 115 µg m-3, the mass concentration of accumulation
mode aerosols (diameter between 0.1 - 1.0 µm) is unchanged
at 58.1 µg m-3, and the mass concentration of ultrafine
aerosols (diameter less than 0.1 µm) is reduced from 2 to 1
µg m-3. The net result of coagulation processing is to move
a very small amount (approximately 1 µg m-3) of ultrafine
particulate matter (diameter less than 0.1 µm) to the coarse
particle size range (diameter greater than 1.0 µm), with no
significant impact on accumulation mode particles. Thus,
the assumption that aerosol coagulation can be neglected
when calculating airborne particle mass distributions during
the current study seems well justified.

Model Treatment of Aerosols - Nucleation. Nucleation
occurs when a condensable gas-phase species is present at
concentrations significantly above the saturation concentra-
tion, and there is insufficient aerosol surface area for
condensation to occur. The aerosol science community
generally accepts the concept that nucleation events in urban
areas such as Los Angeles usually do not take place because
there is a large amount of airborne particulate matter available
for condensation processes to occur (11). Nucleation in urban
areas may occur in rare circumstances such as heavy pollution
following a rain event, but those conditions were not
encountered in the present study. Thus, the assumption that
aerosol nucleation can be neglected when calculating
airborne particle mass distributions during the current study
seems well justified.

5.3. Regional Contributions to PM2.5 Mass. Figure 5
shows the predicted distribution of PM2.5 mass concentra-
tions in the ground level cell of the modeling domain averaged
over each hour of the day on September 25, 1996. Predicted
PM2.5 mass concentrations generally increase toward the
eastern end of the air basin since it is downwind of the major
emissions sources in the Los Angeles area during the current
study period. Major sources of ammonia emissions exist in
the Chino dairy area located halfway between Fullerton and
Rubidoux leading to the formation of large amounts of
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particulate ammonium nitrate in the area east of Chino (8).
The Long Beach sampling site is located near the upwind
edge of the South Coast Air Basin during the episode studied
here and thus exhibits relatively low pollutant concentrations,
while the Riverside sampling site is located in a relatively
polluted downwind area. The predicted maximum 24-h
average PM2.5 concentration on September 25, 1996 is 166
µg m-3 near the northeast corner of the South Coast Air Basin
at 475 Easting 3800 Northing.

Figure 6 separately plots the size and composition
distribution of the particles originally released from the 10
externally mixed source categories on September 25, 1996,
as they exist in the atmosphere at the Rubidoux air monitoring
site shown in Figure 5. The results shown in Figure 6 illustrate
that the majority of the PM2.5 mass at this location is
associated with secondary ammonium nitrate that has
accumulated onto combustion particles and onto hygro-
scopic background marine particles. These results agree with
a previous analysis for Riverside on September 25, 1996 (8)
and for Claremont on August 28, 1987 (7).

The great power of the 3D Eulerian version of the source-
oriented external mixture model developed in the current
study lies in its ability to expand the analysis shown in Figure
6 to determine the spatial distribution of particle source
contributions at a regional scale. Figure 7 shows the predicted
distribution of PM2.5 concentrations in the ground level cell
of the modeling domain averaged over each hour of the day
on September 25, 1996 separated according to the original
source of the primary core of each particle. Figure 7a shows
that the predicted concentration of airborne crustal particles
is highest in the eastern end of the airshed where the majority
of the unpaved road travel occurs. Concentrations of PM2.5
crustal particles in the eastern portion of the study domain
are typically between 10 and 15 µg m-3, with the grid cell at
475 Easting 3800 Northing registering concentrations of 26
µg m-3.

Figure 7b shows that paved road dust particles are lower
in concentration but more broadly distributed than other
crustal particles in the South Coast Air Basin. This trend
reflects the wide distribution of freeways, surface streets,
and the general pattern of urban sprawl in the Los Angeles
area. The concentration of PM2.5 paved road dust particles

peaks in three general areas: downtown Los Angeles (12 µg
m-3), Orange County (13 µg m-3), and east of Fontana (14
µg m-3).

Figure 7c illustrates the regional distribution of airborne
particles originally released from diesel engines in the Los
Angeles area. The maximum PM2.5 diesel engine particle
concentrations are observed off the coast of California in the
northwest corner of the study domain and at the Long Beach
Harbor. These diesel engine emissions are associated with
shipping and other offshore activities and have a peak
ambient PM2.5 mass concentration of approximately 16 µg
m-3. A peak in the ambient PM2.5 increment having diesel
exhaust as the primary particle core also is observed in the
northeast corner of the South Coast Air Basin as diesel engine
exhaust particles become coated with ammonium nitrate.
The fairly high concentration of marine diesel engine particles
compared to particles released from on-road heavy-duty
diesel engines reflects the relatively concentrated location
of the marine emissions as well as the incorporation of cleaner
diesel engine technology into the on-road vehicle fleet.

Figures 7d shows that the airborne PM2.5 particles derived
from food cooking have a spatial distribution similar to paved
road dust particles but at a lower concentration. Three distinct
peaks are observed at Los Angeles (4 µg m-3), east of Anaheim
(3 µg m-3), and east of Fontana (5 µg m-3). The first two
peaks are likely associated with primary emissions, while
the last peak is associated with the accumulation of secondary
particulate nitrate onto food cooking particles.

Figures 7e,f show that the concentrations of airborne
particles released from noncatalyst-equipped gasoline en-
gines and catalyst-equipped gasoline engines have similar
patterns reflecting the similar distribution of the underlying
emissions within the study domain. The concentration of
particles originally released by both types of gasoline engines
reaches a maximum value east of Fontana as they become
coated with ammonium nitrate. The maximum concentration
of particles having a primary particle core emitted from
noncatalyst equipped gasoline engines is 13 µg m-3, while
the maximum concentration of particles having a primary
particle core contributed by catalyst-equipped gasoline
engines is only 2.4 µg m-3. This condition results from
improvements in emissions control technology used by new

FIGURE 5. Predicted mass concentration of airborne particles with diameter less than 2.5 µm diameter (PM2.5) averaged over each hour
of the day on September 25, 1996. Units are µg m-3.
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catalyst-equipped automobiles and the continued degrada-
tion of older noncatalyst-equipped vehicles still being driven
in the Los Angeles area.

Figure 7g shows the regional distribution of airborne
particles that originate from the combustion of sulfur-bearing

fuel and other sulfur oxides sources in the South Coast Air
Basin surrounding Los Angeles. Increased concentrations of
these particles are apparent in the shipping lanes off the
California coast and downwind of refineries located near
Hawthorne and Long Beach. A peak concentration of 14 µg

FIGURE 6. Individual source contributions to the airborne particle size and chemical composition distribution at Rubidoux, CA, averaged
over each hour of the day on September 25, 1996. Each subplot shows the primary seed particles originally released to the atmosphere
along with the gas-to-particle conversion products that have accumulated on those seed particles between their time of release to the
atmosphere and their arrival at the receptor site.
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m-3 is predicted near the Long Beach refineries, with a clear
plume of high sulfate-content particles predicted downwind
from this source area. These particles are hygroscopic and
act as a site for the formation of particulate ammonium

nitrate by the time that they reach the eastern end of the
airshed.

Figure 7h shows the regional distribution of particles
released from primary sources other than those described in

FIGURE 7. Regional concentration of airborne PM2.5 associated with particles having their primary core from crustal material other than
paved road dust, paved road dust, diesel engines, food cooking, noncatalyst equipped gasoline engines, catalyst-equipped gasoline
engines, combustion of sulfur-containing fuel and industrial processes, other primary particle sources, sea salt, and marine background
sulfate particles averaged over each hour of the day on September 25, 1996. PM2.5 contributions include the primary particle core plus
all secondary particulate matter that has accumulated on that core since release to the atmosphere. Units are µg m-3.
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Figures 6a-g. The peak concentration of these particles is
37 µg m-3 located west of Rubidoux in an area dominated
by agricultural activities.

Figure 7i shows that predicted sea salt particle con-
centrations are relatively uniform throughout the South
Coast Air Basin with concentrations reaching up to 12 µg
m-3. Sodium chloride particles originating from the ocean

are thermodynamically favored to form sodium nitrate
particles in the polluted Los Angeles atmosphere without
the involvement for ammonia. As a result, a large concen-
tration spike caused by the formation of additional par-
ticulate nitrate on these particles is not observed down-
wind of the large ammonia emissions sources East of
Rubidoux.

FIGURE 8. Source contributions to the aggregate particle distribution averaged over each hour of the day on September 25, 1996. Each
panel shows the primary seed particle concentrations graphed separately from all sulfates, nitrates, ammonium ion, and secondary organic
aerosol.
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Figure 7j shows the predicted concentration of marine
background sulfate particles in the study domain after they
have accumulated secondary reaction products in the Los
Angles atmosphere. As noted previously (8) background
sulfate particles advected into the Los Angeles area from
over the ocean upwind have a size distribution that peaks
below 1 µm particle diameter, and so they do not have a
large settling velocity. These background sulfate particles
are extremely hygroscopic and so they act as a preferential
site for the accumulation of secondary ammonium nitrate.
The PM2.5 mass concentration of these particles is less than
15 µg m-3 on the western edge of the airshed, but through
the accumulation of particulate nitrate these particles reach
a peak PM2.5 mass concentration of 79 µg m-3 in the
northeastern portion of the South Coast Air Basin.

Figure 8 shows the airborne particle size distribution at
each of the monitoring sites shown in Figure 5 broken down
according to source type. Primary particulate matter (released
directly from a source in the particle phase) is graphed
separately from all particle-phase sulfates, nitrates, am-
monium ion, and secondary organic aerosol. Model predic-
tions show the buildup of significant amounts of ammonium
nitrate aerosol in the eastern portion of the air basin primarily
in the size range below 1 µm particle diameter. These results
emphasize that the majority of the elevated PM2.5 concen-
tration in the eastern half of the South Coast Air Basin (shown
in Figures 5 and 7) is associated with secondary particulate
matter, not primary particle emissions.

6. Discussion
Predicted and measured peak 1-h average ozone concentra-
tions during the September 1996 period studied here were
generally less than 100 ppb, which is considerably lower than
historically observed values in the Los Angeles area in
September. In contrast, the predicted regional PM2.5 mass
concentration in the South Coast Air Basin more than doubled
the current standard of 65 µg m-3. This trend illustrates the
changing nature of air quality problems in Los Angeles, and
it suggests that future control strategies designed to improve
air quality in Los Angeles must include an emphasis on fine
particle control.

The greatest contribution to regional PM2.5 mass con-
centrations in the South Coast Air Basin surrounding Los
Angeles on September 25, 1996 is associated with the
accumulation of secondary ammonium nitrate on marine
background marine sulfate particles (see Figure 6 in current
paper and Figures 5 and 6 in ref 8). This pattern indicates
that control of regional PM2.5 concentrations in Los Angeles
must be accomplished through a program that includes
reductions in the emissions of gaseous precursors to
secondary PM2.5 in addition to the more obvious primary
fine particle controls (9).

The exact source of the background marine sulfate
particles observed at San Nicolas Island during 1987 (6, 7)
and at Santa Catalina Island in 1996 (8) is not known. The
size distribution of these particles has a maximum below 1
µm particle diameter, suggesting that a chemical or biological
source produced these particles rather than a mechanical
source such as breaking waves. One possible source of the
background marine sulfate particles is combustion of high
sulfur content fuel from off-shore shipping or from industrial
processes outside California (the sulfur content of fuel used
in California is strictly regulated). Another possible source
of background marine sulfate particles is the oxidation of
DMS is ocean surface waters. Future studies will try to identify
the source origin of these particles.
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